In this paper, recent research development on realization of optical functions by controlling glass microstructures is briefly reviewed. Bi-doped glasses and transparent Ni 2+ -doped glass ceramics are introduced. The broadband infrared luminescence properties of these materials have been described. The luminescence mechanisms and their promising applications for broadband optical amplification and tunable lasers are discussed.
Introduction
Glass materials have some apparent features compared with crystals. Glass is homogeneous and can be easily fabricated to various forms such as a bottle, a flat plate of large size or a fiber. The composition of glass can be continuously adjusted in the glassified region. In addition, glass can become dense glassceramic material after heat-treatment, and the crystalline phase and volume ratio between crystal and glass matrix can be controlled by heat treatment conditions. Moreover, almost all elements such as rare-earths, transition metals and noble metals in the periodic table of the elements can be "stuffed" into glass. Therefore, from the viewpoint of practical applications, we expect to obtain glasses with properties superior to corresponding single crystals.
In the coming information technology era, we can expect novel optical elements with functions of ultrafast switching, ultrahigh memory and ultrabroad band optical amplification fabricated by glass. Thus, it is necessary to explore glasses with novel functions. Then, how can we realize novel functions of glasses? We think it is important to control micro-structure of the glasses in nano or micro-scale, because such micro-structures may exhibit quantum effect, surface effect and conjugated effect, thus resulting in the enhanced or completely novel functions.
Glass micro-structure can be controlled by normal methods such as crystallization and phase-separation. 1) , 2) In addition, novel functions of glass can be generated by controlling the external electromagnetic field induced electronic structure. In the past decade, we have systematically studied the external electromagnetic field induced microstructures in glasses.
3)-8) Various promising applications in photonics have also been demonstrated.
In this paper, recent research development on realization of novel optical functions by controlling glass microstrucures is reviewed briefly. We focus on novel glass and glass-ceramic materials for broadband optical amplification and tunable lasers. For instance, the infrared luminescent properties of Bi-doped glasses and transparent Ni 2+ -doped glass-ceramics are described. The mechanisms and promising applications of these observed phenomena are also discussed.
Bi-doped glasses for broadband optical amplification
With the rapid development of computer network and telecommunication technology, the conventional Er 3+ doped silica fiber amplifier has difficulty in meeting information transportation requirements with excellent flexibility and large transmission capacity at faster rates, as its gain bandwidth is as small as 70 nm (1530-1600 nm). An attractive way to meet these requirements is to expand the number of transmission channels that strongly depend on the gain bandwidth of the amplifier and the laser source. Therefore, the development of broadband amplifiers and broadly tunable laser sources to cover the 1.2-1.6-μm telecommunication window, especially at 1.31 and 1.55 μm, becomes a key objective to permit the whole optical transmission window of silica fiber to be utilized and to achieve an efficient wavelength-division multiplexing transmission network. Efforts to obtain broadband optical amplification both in rare-earth (e.g., Er 3+ , Pr 3+ , and Tm 3+ )-doped materials and in Raman amplifiers have been made during the past decades. However, only a few such efforts have successfully gained a bandwidth beyond 100 nm. This limit was overcome with the appearance of transitionmetal-ion (e.g., Cr 4+ and V 2+ )-doped materials, which have recently attracted much more attention owing to their promising fluorescence properties.
Recently Fujimoto et al. reported a novel infrared luminescent material of bismuth-doped silica glass and achieved its optical amplification at 1.3 μm with 0.8-μm excitation. 9),10) Unfortunately, the transmittance of the glass in the region of 1000-2500 nm was only ~30% at maximum because there were many bubbles in the glass, even though the glass was melted at a high temperature of as much as 1760°C. The existence of bubbles greatly affected the practical applications of the glass. The effect of glass composition, melting atmosphere and co-doping on the infrared luminescent property of various Bi-doped glasses has been studied systematically.
11)-17)
2.1 Infrared luminescence from various Bi-doped glasses Figure 1 shows the transmission spectrum of a 96GeO2 · Special Article 3Al2O3 · 1Bi2O3 glass sample consisting of five peaks, below 370, 500, 700, 800, and 1000 nm. The first four peaks were similar to those of SiO2:Al, Bi glass. 9) Fluorescence spectrum of the 96GeO2 · 3Al2O3 · 1Bi2O3 glass sample pumped by a GaAlAs semiconductor laser diode with a wavelength of 808 nm shows a broad band with a maximum at ~1300 nm appeared with a FWHM of 320 nm. Considering the asymmetric feature of the spectrum, it could be decomposed into four Gaussian peaks, viz., at 1200, 1300, 1450, and 1600 nm, with a FWHM of 148, 128, 170, and 94 nm, respectively. The curve of the 1300-nm emission shows a fair consistency with the first-order exponential decay. Duffy, 18) the upper oxidation state of a dopant in glass is usually favorable to a higher basicity. The pentavalent state of bismuth was confirmed to be in compounds that contained alkali oxides, such as MBiO3 (M = Na, K). Luminescent spectra of (95-x) B2O3-xBaO5Al2O3-2Bi2O3 (in mol%, x = 20, 25, 30, 35, 40) show that the peak position shifts monotonically to longer wavelength with increasing BaO concentration, while the FWHMs vary from 230 nm to 194 nm. The integrated intensity decreases monotonically with further addition of BaO, which shows that addition of alkaline earth oxides have a quenching effect on the infrared emission. Furthermore, at higher temperatures, dissociation of Bi2O3 appeared. Bi2O3 was converted into the black suboxide BiO or to a bismuth metal. Therefore, to determine whether the source of luminescence was Bi 5+ ions or other centers will require more research.
We suggest that the infrared emission derives from monovalent bismuth ions based on the energy matching conditions. The simplified energy levels of Bi + are presented in Fig. 2 . The ground configuration of Bi + (6s 2 6p 2 ) is split by spin-orbit coupling interaction into the ground state 3 P0 and the excited states 1 S0, 1 D2 and 3 P2,1. Although only two absorption bands at 465 nm and 700 nm occur in bismuth-doped barium-aluminum-borate glasses, additional 800 nm absorption band in bismuth-doped silica glasses and 800 nm, 1000 nm absorption bands in bismuthdoped germanate glasses have been reported. The above absorption bands centered at: 465 nm, 700 nm, 800 nm and 1000 nm could be ascribed to the transitions between the ground state 3 P0 and the excited states 1 S0, 1 D2 and 3 P2,1. It should also be mentioned that infrared emissions peaking differently can be observed in bismuth-doped silica glasses under 500 nm, 700 nm and 800 nm pumping. Bismuth-doped barium-aluminum-borate glasses, silica and germanate glass systems show the near infrared emission due to 3 P1→ 3 P0 transition under the above pumping sources excitation. After absorption the system reaches high vibrational levels of the excited states. Subsequently it relaxes non-radiatively to the lowest vibrational level of 3 P1 where emission 3 P1→ 3 P0 occurs in a broad band. By assuming a Gaussian-shaped emission band, the stimulated emission cross section σ at the band center was estimated for various Bi-doped glasses. We obtained = 1.0 × 10 -20 cm 2 , with λ0 = 1300 nm, n = 1.53, τ = 500 μs, and ΔV = 1800 cm -1 for P2O5-Al2O3-BaO(PAB) glass, and = 1.68 × 10 -20 cm 2 , with λ0 = 1300 nm, n = 1.60, τ = 254.5 μs, and ΔV = 1922 cm -1 for GeO2-Al2O3-BaO(GAB) glass. The product of the stimulated emission cross section and the lifetime, στ, is an important parameter to characterize laser materials, because the laser threshold is proportional to (στ) -1 . The στ products of the bismuth ions in the PAB glass and the GAB glass are 5.0 × 10 -24 cm 2 s and 4.28 × 10 -24 cm 2 s, respectively. The στ product of the glasses is about three times larger than that of Ti:Al2O3 (στ = 1.4 × 10 -24 cm 2 s). It indicates that both bismuth-doped aluminophosphate glass and germanate glass are promising materials for optical amplification.
Suzuki et al. also studied ultrabroadband near-infared luminescent property of Bi-doped Li2O-Al2O3-SiO2 glass. 20) They found that the peak wavelength and width of the emission from the glasses could be controlled drastically by the excitation wavelength. The lifetime was 500 μs at 5 K and almost temperature independent up to 350 K. Their large stimulated emission cross section and lifetime give high σemτrad products of 4.0 × 10 -24 and 6.1 × 10 -24 cm 2 s. They also investigated the optical characteris- 
Controllable luminescence from Bi-doped nanoporous silica glasses
By exploiting nanocage to stabilize Bismuth emission centers, we achieved controllable luminescence covering almost the whole 400-1600 nm region. Figures 3(a) and 3(b) show the photoluminescence excitation (PLE) and photoluminescence (PL) spectra of Bi-doped nanoporous silica glass sample treated in air (simplified as samples A) and argon atmosphere (simplified as sample B) (Blank porous glass and Bi-doped porous glass treated at hydrogen atmosphere do not show any emissions). When excited with a single wavelength at 280 nm, sample A has shown intense blue-green luminescence at 465 nm ( Fig. 3(d) ), which could be ascribed to emission band of Bi 3+ ion. Differently, sample B can be excited with multiple wavelengths of 280, 350 and 483 nm and from these excitation wavelengths, tunable white, purplish red and orange luminescence can be realized from the studied material. When excited with 483 nm, the emission of sample B reveals a single symmetric broadband centered at 590 nm. This kind of unique orange emission character ( Fig. 3(d) ) is similar to the emission property of an unusual emission center Bi 2+ , which was only reported in a few matrices, e.g., SrB4O7 (refer Fig. 3(c) ). An additional band is observed around 465 nm with 350 nm excitation and this band becomes more obvious when the excitation wavelength is 280 nm. It might be attributed to Bi 3+ center as observed in sample A. Interestingly, two emission bands centered at 465 nm and 590 nm, respectively, are observed in sample B when excited with 280 nm. The combination of these two bands covers the whole visible spectrum and induces a broadband white light emission ( Fig. 3(d) ). The white light emission might be aroused by the co-excitation process since both these emission bands have the same origin (280 nm excitation). We also performed luminescence decay measurements for sample A and sample B, and the results are shown in Fig. 3(e) . For sample A, the monitoring wavelength is 465 nm and the excitation wavelength is 280 nm. The decay curve was fitted by exponential function and the estimated lifetime is 7.2 μs. For sample B, the monitoring wavelengths are 465 and 590 nm and the corresponding excitation wavelengths are 350 and 483 nm, respectively. Both decay curves were also fitted by exponential functions and the estimated lifetimes are about 6.8 μs (at 465 nm) and 6.3 μs (at 590 nm) respectively. These values are similar to the lifetime of the Bi 3+ and Bi 2+ centers in crystal hosts. The Commission International de I'Eclairage (CIE) chromaticity coordinates for Bi-doped nano-porous glass are presented in Fig. 4 . It is observed that the (x, y) coordinates can be We found that both high and low valence states of Bi are stabilized in the nano-pore glass, while the infrared emission was only observed in sample treated in argon atmosphere. This result indicated again that the infrared emission may be attributed to the electronic transition of low valence state Bi, most probably Bi + , rather than higher valence state.
Broadband optical amplification from Bi-doped glasses
Recently, we demonstrated ultrabroadband and efficient optical amplification covering the whole 1.2-1.6 μm region telecommunications windows in Bi-doped germanium silicate glass. Glasses with compositions of 96.5GeO2 · 3Al2O3 · 0.5Bi2O3 (GAB) and 79.5GeO2 · 17SiO2 · 3Al2O3 · 0.5Bi2O2 (GSAB) (in mol %) were prepared by the conventional melting-quenching method. Both glass samples exhibit broad emission in the 1000-1700 nm wavelength region. The emission peak position of GSAB glass shows some redshift compared to GAB glass. The full widths at half maximum of the luminescence of GAB and GSAB are 332 and 390 nm, respectively. It is attractive that broadband emission from Bi-doped GAB and GSAB glasses covers the O, E, S, C, and L bands (1260-1625 nm) pumped by commercially available 980 nm LD. Actually, as an efficient amplifier materials for WDM operation, the broadband and flat luminescence characteristics are two premises for the demand of compensation and maintenance of the gain at each channel so that the gain excursion over the whole spectral width can be minimized.
The traditional two-wave mixing configuration was adopted for internal gain measurement (inset of Fig. 5 ). Figure 5 shows the wavelength-dependent internal gain from 1272 to 1348 nm and the gain at 1560 nm is also measured. The excitation power was 1.12 W. It can be observed that the measured spectral dependence of the optical gain resembles the fluorescence spectrum. The highest gain at 1272 nm of GAB and GSAB samples reaches to 3.65 and 6.73 dB, respectively. The values are larger than the reported results in Bi-doped silica glass. The efficient gain from 1272 to 1348 nm demonstrates that the GAB and GSAB glasses can be used as a broadband amplifier especially at the second telecommunications window since there is no appropriate amplifier except Pr-doped fluoride fiber amplifier in this window as yet. Furthermore, it is significant that optical amplification at 1560 nm is also observed. The single-pass gains at 1560 nm of GAB and GSAB samples are 0.95 and 2.3 dB, respectively. It is significant since there is no report of realizing optical amplification at O and C bands simultaneously excited by a single pumping source in Bi-doped materials. According to the broadband emission and wavelength-dependent gain properties of our samples, the acquired gain at O and C bands was just limited by our available seed source and broader gain covering the whole O, E, S, C, and L bands is expected. Such a broadband amplification characteristic is seldom observed in other kinds of gain materials.
Recently, Dvoyrin et al. reported on the fabrication and spectroscopic study of optical fibers based on glasses doped with Bi. 22) In addition, laser generation in lasers based on Bi-doped fibers at wavelengths in the range of 1150-1300 nm was obtained. Razdobreev et al. demonstrated the high efficiency operation of the all-fiber bismuth-doped laser in the 1150-1225 nm region.
23) The lasing wavelength could be chosen by an appropriate fiber Bragg grating. A slope efficiency as high as 24% at 1200 nm was achieved.
3. Transparent Ni-doped glass-ceramics for broadband optical amplification 3d ions such as Ni 2+ and Cr 4+ are important activators since they show broad-band luminescence in the near-infrared region when incorporated into crystal hosts, and they have wide applications in tunable lasers and broad-band optical amplifiers. However, the difficulty in elaboration of crystals limits their applications. In addition, 3d ions only exhibit weak or even no luminescence in amorphous hosts, owing to the strong nonradiative relaxation. Glass-ceramics (GCs) combine the particular optical properties of activators in the crystal hosts with the elaboration and manipulation advantages of glasses. As we know, 3d ions are very sensitive to their local ligand fields, and usually, tetrahedral (Cr 4+ ) and octahedral (Ni 2+ ) environments are often optically active for transition-metal (TM) ions. From this point of view, the well-studied transparent oxyfluoride GCs, which often provide an 8-fold coordinated environment, are probably not suitable hosts for 3d ion luminescence. Therefore, it is absolutely necessary to search for favorable GCs hosts for TM ions as tunable laser and broadband amplifier materials especially those that show excellent properties at room temperature. Here, we review recent research development of transparent Ni 2+ -doped glassceramics for broadband optical amplification. 
Transparent glass-ceramics containing Nidoped β-Ga2O3
Wide band gap semiconductors are good host materials for activators since the thermal-quenching effects are inversely proportional to the band gap of the hosts. β-Ga2O3 is a typically wide band gap semiconductor with band gap of 4.7-5 eV, and it has lower phonon energy compared to other oxide crystals such as Zn2SiO4, Al2O3, and ZnAl2O4. Therefore, Ga2O3 could also be a good candidate for hosting 3d ions luminescence. On the other hand, it was reported that Ga2O3 nanocrystals can precipitate in glass. Figure 6a shows the TEM images of Na2O-Ga2O3-SiO2 (NGS) glass-ceramic sample with composition of 66.5SiO2 · 19.5Ga2O3 · 6.5Al2O3 · 7.5Na2O · 0.15NiO (NGS GC). The particles with a relatively uniform diameter of about 50 nm are dispersed in the glassy matrix. The inset is the corresponding electron diffraction pattern. The diffraction rings are consistent with the calculation of β-Ga2O3. Fig. 6b gives the high-resolution transmission electron microscopy (HRTEM) image of one particle. It reveals that each particle consists of many small grains. Figure 6c compares the electron energy loss spectroscopy (EELS) spectra of Ga L23 edge of an individual particle and interspace of particles. It clearly illustrates that particles have very high Ga composition but that there is almost no Ga in the glassy matrix. This indicates the high yield of Ga2O3 in the GC. Figure 7 compares the emission spectra of the as-made NGS glass, NGS GC, and ZnAl2O4 GC. An intensely broad emission band centering at 1200 nm, which covers from 1000 to 1600 nm, was observed in the NGS GC when it was excited by a 980 nm laser. In contrast, the as-made NGS glass does not show any emission in the near-infrared. Such an emission can be attributed to the transition from the 3 T2(F) excited state to the 3 A2(F) ground state of octahedral Ni 2+ . The emission intensity of NGS GC is approximately 20 times higher than that of the ZnAl2O4 GC, which has the same Ni concentration. Also, the intense nearinfrared emission can even be obtained by pumping at 800 and 532 nm, where the absorption coefficients of Ni 2+ are low. That is not the same case as in the Ni 2+ -doped ZnAl2O4 GC, which shows only weak emissions under 800 and 532 nm excitation.
The intense infrared luminescence of Ni 2+ -doped NGS GC pumped by visible light implies that it might be coupled with cost-effective flash-lamp or solar-pumping methods. The decay curve of near-infrared emission at 1200 nm from NGS GC under 980 nm excitation at room temperature is shown in the inset of Fig. 7 . It had a nonexponential characteristic so that the average lifetime was obtained by using expression τ = ∫tI(t)dt/∫I(t)dt. The average lifetime has been calculated as 665 ± 10 μs which is 3 times longer than that of ZnAl2O4 GC (0.1 mol % Ni) (200 μs) and which is also longer than that of LiGa5O8 GC (0.1 mol % NiO) (500 μs) and LiGa5O8 single crystal (less than 1 mol % Ni) (650 μs). Energy transfer between activated ions has been extensively studied for decades because of its important role in the design of new laser and optoelectronic materials. The fundamental energy transfer process involves excitation of a sensitizer and excited energy transfer in whole or in part to an activator by nonradiative and/or radiative processes. For activator doped laser materials, energy transfer by introducing one sensitizer provides an efficient way in the selection of pump source and increase of pump efficiency. Many impurities have been confirmed to act as excellent sensitizers. Transition-metal ions, for example, are desirable sensitizers for many laser applications because their broad, strong absorption bands in the visible region can efficiently couple to conventional flashlamp pumping sources. Cr 3+ ion, in particular, has been widely used as an efficient sensitizer in combination with rare-earth (RE) ions. The broad 4 T2 → 4 A2 emission of Cr 3+ in the red and near-infrared range overlaps strongly with absorption transitions of many RE ions. Therefore, the pumping and laser efficiency of these RE ions can be largely improved. Since the demonstration of improved near-infrared lasing efficiency of Nd 3+ 
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We prepared a ZAS glass with composition of 39. [6] . In the transient time phonon vibration is thermally activated, whereas in thermal balance in the steady state, thus the emission at 875 nm is intense in the TR emission spectra and could hardly be observed in the steady-state emission spectrum. As the time interval is prolonged, it is interesting to notice that the relative emission intensity of Cr 3+ descends monotonically and rapidly, meanwhile a broadband emission at 1200 nm from octahedral Ni 2+ is observed. Its relative emission intensity increases till the time interval is 57 μs, and then descends. This phenomenon clearly shows the energy transfer from Cr 3+ 
Conclusion
Here, we reviewed research development on realization of broadband infrared luminescence and optical amplification by controlling glasses and glass-ceramics microstructures. We show that by controlling valence state of Bismuth ion in glasses via glass matrix and melting and treating atmosphere, it is possible to control the luminescent properties of Bi-doped glasses. We demonstrated the ultrabroadband optical amplification in Bidoped glasses. Through controlling precipitation of crystal phase in glasses, broadband infrared luminescence has been observed in transparent Ni 2+ -doped glass ceramics. Enhanced luminescence has also been observed in Cr
3+
-Ni 2+ codoped glass-ceramics due to the efficient energy-transfer from Cr 3+ to Ni 2+ . These materials are promising for broadband optical amplification and tunable lasers. /Ni 2+ codoped GC taken at different time intervals (between 0 and 982 μs). The spectra are scaled and vertically shifted for better visualization. Measurements were performed at room temperature and the excitation wavelength was 532 nm.
